Background-The relationship between epicardial and body surface potentials defines the forward problem of electrocardiography. A robust formulation of the forward problem is instrumental to solving the inverse problem, in which epicardial potentials are computed from known body surface potentials. Here, the accuracy of different forward models has been evaluated experimentally. Methods and Results-Body surface and epicardial potentials were recorded simultaneously in anesthetized closed-chest pigs (n=5) during sinus rhythm, and epicardial and endocardial ventricular pacing (65 records in total). Body surface potentials were simulated from epicardial recordings using experiment-specific volume conductor models constructed from magnetic resonance imaging. Results for homogeneous (isotropic electric properties) and inhomogeneous (incorporating lungs, anisotropic skeletal muscle, and subcutaneous fat) forward models were compared with measured body surface potentials. Correlation coefficients were 0.85±0.08 across all animals and activation sequences with no significant difference between homogeneous and inhomogeneous solutions (P=0.85). Despite this, there was considerable variance between simulated and measured body surface potential distributions. Differences between the body surface potential extrema predicted with homogeneous forward models were 55% to 78% greater than observed (P<0.05) and attenuation of potentials adjacent to extrema were 10% to 171% greater (P<0.03). The length and orientation of the vector between potential extrema were also significantly different. Inclusion of inhomogeneous electric properties in the forward model reduced, but did not eliminate these differences. Conclusions-These results demonstrate that homogeneous volume conductor models introduce substantial spatial inaccuracies in forward problem solutions. This probably affects the precision of inverse reconstructions of cardiac potentials, in which this assumption is made. (Circ Arrhythm Electrophysiol. 2015;8:677-684.
I ntracardiac mapping of endocardial potentials is widely used in clinical cardiac electrophysiology to identify sites of conduction block and potential pathways for reentrant electric activation, so that structural substrates for reentry can be ablated. However, this approach provides limited information about possible intramural activation pathways. Noninvasive imaging of cardiac electric activity from body surface measurements (the inverse problem) may aid in resolving this problem by providing further information about intramural breakthrough and epicardial exit sites. 1, 2 The inverse problem is inherently ill-posed, 3 meaning small levels of noise in the model or measured potentials can result in large errors in the solution, which may bear little resemblance to the true cardiac source. Various inverse algorithms have been developed to overcome this problem. 4, 5 Accurate identification of the transfer matrix, which describes the body surface potentials resulting from a known cardiac source (the forward problem) is fundamental to the inverse solution. 6 This raises the question: how much detail is required to produce a sufficiently accurate forward model? Previous studies have shown that it is necessary to include realistic heart and torso geometries, [7] [8] [9] [10] but the extent to which the inhomogeneous electric properties of internal structures needs to be accounted for is less clear. There is a reasonable consensus that body surface potential distributions are not significantly affected by the liver, stomach, 11 blood vessels, 11, 12 intestines, spleen, kidney, spine, sternum, and other bones. [11] [12] [13] Furthermore, although it is agreed that lungs, anisotropic skeletal muscle, and subcutaneous fat have the greatest impact on body surface potentials, the magnitude of their contributions is widely debated. [11] [12] [13] [14] June 2015
The sensitivity of forward solutions to sources of error has been investigated in several studies, but only one has allowed direct experimental validation. Ramsey et al 15 recorded corresponding cardiac source potentials and body surface potentials in dogs. Correlation coefficients (CCs) between measured body surface potential maps (BSPMs) and those simulated with a homogeneous forward solution were high. Despite this, they reported substantial differences between observed and predicted potential distributions in regions around maximum and minimum potentials on the body surface. Using the same data, Stanley et al 13 demonstrated the inclusion of inhomogeneities (lungs, sternum, spine, and anisotropic skeletal muscle) markedly reduced differences between predicted and measured BSPMs, although there was no significant difference in CCs. These findings seem to have received relatively limited attention, perhaps because the spatial and temporal resolution of the experimental data were low by modern standards. However, they indicate that (1) homogeneous forward models produce qualitatively inaccurate body surface potential simulations, and (2) CCs are a relatively insensitive measure of the correspondence between observed and measured BSPMs.
This study addresses these issues by obtaining a complete experimental data set with simultaneously recorded body surface and epicardial potentials, as well as corresponding information on torso anatomy and 3-dimensional (3D) electrode locations. Using the experimental data, we developed and analyzed a forward model by comparing simulated and recorded body surface potentials. We also developed methods to quantify the differences seen in the BSPM patterns, and finally determined the effects that anisotropic skeletal muscle, subcutaneous fat, and the lungs have on simulated potential distributions.
Methods
All surgical procedures were approved by the Animal Ethics Committee of the University of Auckland and conform to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication No. 85-23). Detailed Methods are available in the Data Supplement.
A midline sternotomy was performed on 5 anesthetized pigs (30-40 kg). The heart was exposed, and supported in a pericardial cradle. A custom-made elastic sock containing 239 unipolar silverwire electrodes (5-to 10-mm spacing) was drawn over the ventricles ( Figure 1A) , after which the thorax was closed and air expelled. Flexible strips (BioSemi, Amsterdam, The Netherlands) containing 184 electrodes (30-to 45-mm spacing) were attached to the body surface ( Figure 1B ). Epicardial and body surface potentials were bandlimited (0.05-1000 Hz) and recorded simultaneously at 2 kHz 
WHAT IS KNOWN
• Inverse body surface mapping is being used increasingly as a noninvasive means of identifying arrhythmogenic substrates in the atria and ventricles.
• Robust solution of the inverse problem of electrocardiography depends critically on the accuracy with which the forward problem is formulated.
WHAT THE STUDY ADDS
• A unique data set for the systematic validation of forward and inverse problem solutions.
• Commonly used metrics such as relative root-meansquared error and correlation coefficients provide weak estimates of the accuracy of the body surface potential maps.
• Body surface potential maps predicted with the forward models most commonly used for inverse electrocardiographic mapping differ substantially and consistently from measured body surface potentials, raising important questions about the accuracy with which arrhythmogenic substrate can be located using existing inverse methods.
using separate acquisition systems (UnEmap, Auckland Uniservices Ltd, Auckland, New Zealand and ActiveTwo, BioSemi, respectively). Signals were temporally aligned by identifying the onset of a short burst of square 2-ms pulses recorded simultaneously on a single channel in both the systems. For each pig, recordings were made during (1) sinus rhythm (n=1-4), (2) pacing from left and right ventricular sites endocardially (n=4-12), and epicardially (n=4-9). Overall, 65 records were obtained. The heart was arrested and magnetic resonance imaging (MRI) of heart and thorax acquired. The heart was excised, perfusion-fixed, and epicardial electrode locations were captured with a multiaxis digitizing arm (FARO Technologies, Lake Mary, FL). MRI contrast markers placed on the sock and body surface strips were localized in the MRI and used to register electrode locations.
Instantaneous, measured epicardial potentials ( ) ∅ H were linearly related to body surface potentials (∅ T ) through the transfer matrix 16 where N is the number of body surface electrodes; ϕ, the potential at electrode i; μ, the mean potential; and M and S are measured and simulated data.
Key BSPM features during ventricular activation ( Figure 2 ) were quantified as follows. Maximum and minimum body surface potentials (ϕ max and ϕ min , respectively) were identified and the potential difference (Δϕ) between them determined. The length (L) and orientation with respect to the X-Z plane ( ) θ of the vector between the extrema were evaluated. Finally, average potential attenuations (A max and A min ) adjacent to ϕ max and ϕ min were estimated from normalized body surface potentials, by computing the average potential gradients at N points within 35 mm of the extrema
where ∅ is the normalized potential and d(P i , P max,min ), the Euclidean distance between point P i and the extrema (P max,min ). Simulated and measured body surface potentials were normalized as follows:
Data analysis was conducted with SPSS 21.0 (SPSS Inc, Chicago, IL). For each metric evaluated normality was tested with a Shapiro-Wilk test (P>0.05) and visual inspection of their histograms, normal QQ-plots and box plots. A 3-way ANOVA with a Bonferroni correction was used to investigate differences between the within-subject repeated variable; body surface potential type (measured, homogeneous forward model, and inhomogeneous forward model). This accounted for the effects and interactions of between-subject variables; activation sequence type (sinus rhythm, endocardial pacing, and epicardial pacing) and animal. Statistical significance was accepted for P<0.05. All data are expressed as mean±SD.
Results

Body Surface Potentials
In Figure 3 , we present simulated and measured body surface potential distributions for 2 representative case studies, such as (1) pig 3 in sinus rhythm and (2) pig 2 during epicardial pacing from the left ventricle. BSPM snapshots are presented with measured epicardial potential maps during ventricular depolarization and repolarization. The measured epicardial potentials provide inputs to forward simulations, in which either (1) the conductivity within the torso is assumed to be homogeneous, or (2) more realistic inhomogeneous electric properties were incorporated (including lungs, anisotropic skeletal muscle, and subcutaneous fat).
In case study A, epicardial depolarization was initially most evident near the left ventricular apex and spread toward the base of the left ventricle. This gave rise to measured BSPMs with adjacent regions of positive and negative potential on the upper and lower anterior torso, respectively. This bipolar distribution rotated and shifted toward the upper left quadrant in the later stages of depolarization. A bipolar potential distribution was observed during repolarization, with polarity reversed. Similar patterns were observed with case study B. Here, epicardial depolarization occurred first on the anterior left ventricle, spreading over the ventricles toward the base of the RV. The measured BSPMs were again bipolar, with near vertical alignment of positive and negative potential regions.
Although there is correspondence between measured and simulated BSPMs, clear differences are evident in both the cases. First, the potential magnitudes were substantially greater in simulated than in measured BSPMs. Second, the maximum and minimum potentials were inaccurately localized by the forward model. Specifically, the vector between extrema was substantially longer in the simulated BSPMs and at a different angle with respect to the X-Z plane. Finally, the attenuation of potential adjacent to extrema was steeper in the simulations. Although inclusion of inhomogeneity in the model reduced the differences between simulated and measured BSPMs, they remained substantial nonetheless.
In Figure 4 , RMS potential, rRMSE, and CCs were calculated during ventricular activation for both the case studies. RMS potentials predicted by homogeneous (red) and inhomogeneous (blue) simulations were nearly twice as great as In the left column, root-meansquare (RMS) potentials are compared throughout a 100-ms window over the QRS for experimental measurements (black), and simulated results using homogeneous (blue) and inhomogeneous (red) models, respectively. In the middle and rightmost columns, root-mean-squared error (rRMSE) and correlation coefficient (CC) between measured and simulated potentials are given for the same time interval.
those observed experimentally (black). This was reflected in rRMSE plots where differences between simulated and experimental BSPMs were 50% to 100%. CCs between simulated and measured BSPMs were high (≈0.9) for most of the activation sequence. There were no obvious differences in the CCs and rRMSE values computed for homogeneous and inhomogeneous simulations.
These observations were replicated across the complete data set. For each activation sequence recorded from the 5 pigs, RMS potential, rRMSE, and CC values were averaged over a 50-ms window centered on the peak of the measured RMS potential. There was no significant interactivation sequence difference or interanimal difference for any metric. There was also no significant interactions between either activation sequence type or animal, and the body surface potential type for any index (Results in the Data Supplement). In contrast, measured RMS potentials were 0.21 to 0.31 mV less than those predicted with homogeneous simulations, and 0.20 to 0.29 mV less than those predicted with inhomogeneous simulations (P<0.001). There was no significant difference between homogeneous and inhomogeneous simulations for RMS potential, CC or rRMSE (P values were 0.17, 0.85, and 0.36, respectively). Grand averages for these indices are presented in Table 1 . The variance of these pooled data matches interanimal variance closely ( Figure II in the Data Supplement).
BSPM Characteristics
Differences between measured and simulated BSPMs were assessed by quantifying key features of the potential distributions observed during ventricular activation, namely the difference between maximum and minimum potentials, the length and orientation of the vector joining these extrema, and the potential attenuation adjacent (definitions are given in Methods section of this article). These indices captured distinct differences between the measured and simulated BSPMs that were replicated across the complete data set. Figure 5 presents these indices for measured and simulated BSPMs in case study B during a 50-ms window centered on the measured RMS potential peak. The potential difference between extrema ( Figure 5A ) was ≈2× less in measured (black) than in simulated BSPMs throughout this window, although was less for inhomogeneous (blue) than homogeneous (red) forward simulations. The distance between extrema ( Figure 5B ) was ≈2× greater in measured than simulated BSPMs, although inclusion of inhomogeneous electric properties increased it by ≈15 mm. The orientation of the vector ( Figure 5C ) remained ≈80° in measured BSPMs, but varied from 40° to 70° in simulations with little to no difference between homogeneous and inhomogeneous models. Attenuation in potential ( Figure 5D ) was much greater for BSPMs simulated with a homogeneous forward model (red) than those observed experimentally (black), but inclusion of inhomogeneities (blue) reduced this difference. Finally, attenuation was greater adjacent to the minimum (dotted lines) than the maximum body surface potentials (solid lines).
In Figure 6 , body surface potentials adjacent to the minimum potential are shown at the instant when measured RMS potential was greatest for case study B. These are presented as a function of distance along the line between extrema and are normalized to correct for the different magnitudes of measured and simulated BSPMs. Attenuation was steepest for the homogeneous simulations (red). Inclusion of inhomogeneities in the simulation reduced this gradient (blue), but did not replicate the much more gradual attenuation seen experimentally (black).
BSPM indices were averaged during a 50-ms window centered on the measured RMS potential peak for each activation sequence in all 5 pigs. Statistical analyses revealed no significant interactivation sequence or interanimal difference for any of these measures. There was also no significant interaction between either activation sequence type or animal, and the body surface potential type for any index (Figures III and   Table 1 IV in the Data Supplement). However, the trends identified in Figures 5 and 6 for case study B were confirmed. That is, homogeneous models overestimated the potential difference between extrema (55% to 78% greater than observed) and the potential attenuation adjacent to them (10% to 171% greater than observed). Furthermore, homogeneous models did not accurately predict the location of maximum and minimum. The length of the vector between extrema was substantially underestimated (31-53 mm less than observed) and its orientation was significantly different.
. Comparison of Simulated and Measured Body Surface Potential Maps for All Animals Over a 50 ms Window Centered on the Measured RMS Potential Peak
The introduction of inhomogeneous electric properties in the forward model reduced the difference between observed and simulated results for all indices. However, with the exception of potential attenuation adjacent to potential minimum, there were still significant differences (P<0.05) between experimental observations and simulations using inhomogeneous models. Grand averages for all indices are presented in Table 2 together with the differences between them.
Discussion
We have undertaken a systematic study of the accuracy with which body surface potentials can be predicted from potentials measured on the epicardial surface of the ventricles using high resolution in vivo measurements and image-based forward models. This has enabled us to test the accuracy of image-based forward models more rigorously than has been possible previously. Here, we report several novel findings.
First, accurate 3D reconstruction of electrode locations and torso anatomy enabled us to construct experiment-specific forward models and to compare predicted and measured body surface potentials directly. Second, we confirm that there is qualitative correspondence between measured body surface potential distributions and those predicted by forward models, in which it is assumed that the torso is a uniform isotropic volume conductor, but demonstrate significant differences between the two. Third, incorporation of torso inhomogeneities in the forward model reduced, but did not fully correct, these differences.
Our results are consistent with previous findings in humans 18 and dogs. 15 The range and distributions of body surface potentials recorded here throughout the cardiac cycle parallel those reported in extensive human body surface mapping studies. 18 The only previous experimental forward model validation study that we are aware of was performed by Ramsey et al. 15 >30 years ago. Their findings seem to have been largely ignored in the literature, possibly because the study was limited by technical constraints of the time. The spatial resolution of ventricular epicardial mapping was relatively low, and methods used to reconstruct geometries and electrode locations were prone to error. Furthermore, a limited number of channels were available, meaning subsets of epicardial and body surface potentials were recorded sequentially, and subsequently combined. In this study, much higher spatio-temporal resolution was achieved and a greater number of different activation sequences analyzed. Despite this, our results are consistent with those reported by Ramsey et al. 15 That is, the observed magnitudes of body surface potential extrema during the QRS were substantially less than predicted by a homogeneous model, as was the attenuation of body surface potentials adjacent to these extrema.
These observations are at odds with the view that epicardial potential-based simulations of BSPMs, which use uniform isotropic forward models, reproduce the key features of body surface potential distributions throughout the cardiac cycle. This view is largely based on computer modeling studies, in which different electric properties associated with specific torso structures were systematically considered. 11, 12, 14 In these studies, the CCs used to quantify the correspondence between BSPMs predicted with homogeneous and inhomogeneous models were not significantly different. It was, therefore, concluded that torso inhomogeneities do not substantially affect body surface potentials. However, the validity of this interpretation depends crucially on whether the CC is a sensitive measure of differences in body surface potential distributions.
Why Is the CC Insensitive?
The data presented in this study show that CC is a relatively insensitive measure in this setting. For example, in Figure 4 , CCs between measured BSPMs and those predicted with a homogeneous forward model are ≈0.9 throughout the QRS. Furthermore, corresponding CCs for inhomogeneous models are not significantly different. That is, differences in measured and predicted BSPMs that are clearly visible in Figure 3 are not identified by CCs. There are at least 2 reasons for this. First, body surface locations close to the heart, at which . Body surface potentials adjacent to potential minimum for case study B. Normalized potentials along the vector connecting extrema at the measured root-mean-squared potential peak are plotted as a function of distance from the minimum. Experimental data (black) are compared with simulated results using homogeneous (red) and inhomogeneous (blue) models.
differences in potential are most evident, are a relatively small subset of those over which the CC is calculated. Similar qualifications apply to the other correspondence measures, such as rRMSE. Second, CC is normalized with respect to SD to identify similarity of patterns in data. Therefore, it does not register systematic differences in the magnitudes of predicted and measured potentials.
In this work, we used alternate measures that capture characteristic features of the potential distribution on the body surface adjacent to the heart during ventricular activation. These include the difference between maximum and minimum potentials, the length and orientation of the vector joining these extrema, and the average potential attenuation adjacent. For each index, differences between measured potential distributions and those predicted with a homogeneous model were substantial and statistically significant ( Table 1) , illustrating the difference is not only simply in magnitude but also in pattern. The difference between measured and predicted potential distributions was reduced but not removed when an inhomogeneous model was used.
Although we have questioned the interpretation of previous structure-based forward model simulations, 11, 12, 14 they nonetheless demonstrate that regions close to the torso surface have greater influence on predicted BPSMs than deeper structures. In a study that aligns more closely with our work, Stanley et al 13 used the data acquired by Ramsey et al. 15 Body surface potentials were simulated using measured epicardial potentials and structure-specific forward models that incorporated torso electric inhomogeneities. Predicted and observed potential distributions were then compared. The lungs and spine had little influence on potential distributions, but measured potentials were reproduced when an outer layer of anisotropic skeletal muscle was included.
Why Does the Forward Problem of Electrocardiography Matter?
On the basis of the findings presented and reviewed in this study, we contend that the forward problem of electrocardiography is not solved and that models which treat the torso as a uniform, isotropic volume conductor do not provide accurate predictions of active body surface potential distributions. An important question is whether, and to what extent, this affects the inverse mapping techniques that are increasingly being used in a clinical setting. 1, 2 Extensive studies of inverse solution accuracy have been performed in a well-controlled ex vivo experimental model. A metabolically supported dog heart was suspended in a tankshaped like the torso of a 10-year-old boy and filled with saline and sucrose. 14 Epicardial and body surface potentials were recorded, and epicardial potentials predicted using an inverse model were compared with measured potentials. 19, 20 This work has demonstrated the efficacy of inverse mapping in a physical context where electric properties are homogeneous: pacing sites were located to within 10 mm and most measured epicardial electrograms were reconstructed faithfully. However, inverse solutions that use homogeneous models seem to be less accurate in vivo. [21] [22] [23] [24] The need to incorporate inhomogeneities in inverse mapping techniques, which could be used in a clinical setting has been widely debated. On the one hand, it has been shown that inhomogeneous inverse solutions correspond more closely with epicardial potential maps in the absence of noise. [25] [26] [27] On the other hand, it is argued that this correspondence is degraded by geometric error and noise because transfer matrices for the inverse problem are ill conditioned and are less robust for inhomogeneous than for homogeneous torso models. 26 These analyses are based on numeric experiments, in which forward models are used to construct the BSPMs that provide the input for the inverse solution tests. However, the results presented in this article indicate that the forward models used do not reproduce the body surface potentials recorded in vivo. A systematic experimental study of the effects of inhomogeneities on the inverse problem is, therefore, needed to resolve these issues.
Limitations
This study has some potential limitations. First, our reconstructions of torso anatomy, and 3D electrode locations were based on postmortem rather than in vivo imaging. MRI was performed immediately after cardiac arrest and care was taken to ensure that lung inflation was maintained at physiological levels throughout. Furthermore, MRIs acquired in 1 pig before and after arrest demonstrated no significant difference between end-diastolic and postmortem epicardial geometries. Therefore, we think that 3D torso anatomy is represented with appropriate fidelity during the QRS complex because ventricular geometry is relatively invariant immediately before and during isovolumetric ventricular contraction.
The epicardial sock used in this study could alter conductivity adjacent to the heart and affect the resultant potential field. However, in a preliminary study, BSPMs were acquired before sternotomy during 2 pacing sequences and compared with corresponding maps recorded after chest closure with the sock in place. The results suggest that neither the sock, nor the surgery required to position it, has any material effect on body surface potential distributions (Results and Table III in the Data Supplement).
In this study, we have confirmed that the introduction of skeletal muscle anisotropy in forward models produces body surface potential distributions, which better match experimental observations than isotropic simulations. Here, we assumed that conductivity in the skeletal muscle layer is least in the direction normal to the body surface. However, we have not captured the complex arrangement of skeletal muscle anatomy in the torso. We think this is an important source of residual difference between observed and predicted BSPMs, but experiment-specific data on skeletal muscle anatomy necessary to test this hypothesis were not acquired in this study. More empirical approaches could also be used to investigate the electric properties of the torso. Because our data set provides simultaneous measures of forward problem inputs and solutions, conductivity within the torso could be optimized to these data. Optimization of the transfer matrix might, therefore, provide insight into the spatial location and characteristics of torso electric properties that influence the forward matrix, provided that consistent results are obtained between activation sequences and animals. Further work on these issues is being conducted in our laboratory.
